AD  686  388 


SINGLE  SPECIMEN  DETERMINATION  OF  YOUNG’S  AND 
BULK  MODULI  OF  POLYMERS 

Robert  W.  Warfield,  et  al 

Naval  Ordnance  Laboratory 
White  Oak,  Maryland 


February  1969 


UNCLASSIFIED 
NOLTR  68-212 


SINGLE  SPECIMEN  DETERMINATION  OF  YOUNG'S  AND  BULK  MODULI  OF  POLYMERS 


Prepared  by: 
Robert  W.  Warfield 
Joseph  E.  Cuevas 
F.  Robert  Barnet 


ABSTRACT:  A  new  method  5s  presented  for  the  rapid  and  consecutive  determination 
of  the  Young's  and  bulk  moduli  of  polymeric  solids  in  compression  loading. 

Usually  these  properties  are  determined  by  separate  measurements.  However,  by 
using  an  undersized  specimen  in  a  standard  bulk  compressibility  tester  it  is 
possible  to  determine  both  moduli  on  the  same  specimen  in  a  single  test  procedure. 
Initial  loading  of  the  undersized  specimen  results  in  a  decrease  In  length  and 
an  increase  in  diameter.  From  these  changes  Young's  modulus  may  be  calculated. 
Once  the  bore  of  the  tester  is  filled,  the  application  of  additional  pressure 
results  in  a  decrease  in  the  volume  of  the  polymer  from  which  the  bulk  modulus 
may  be  calculated.  Both  determinations  may  be  made  within  minutes.  The  moduli 
values  are  in  general  agreement  with  published  values  and  the  calculated  values 
for  Poisson' 8  ratio  fall  into  the  expected  range. 
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SX2KH2  SPECIMEN  DBTBRMXHATION  OF  YOUNG’S  AND  BULK  MODULI  OF  POLYMERS 


Dm  data  preMnted  in  this  report  art  of  a  ra March  nature.  A  nav  and  unique 
aulti -Modulus  Method  is  glvan  whereby  Young's  and  bulk  Moduli  of  polyneric 
Materials  can  ba  readily  determined.  BaeauM  of  tha  compatibility  of  thaM 
data,  a  ao ra  reasonable  value  for  Poiaaon's  ratio  may  ba  calculated. 

It  ia  ajqpactad  that  this  technique  viU  bacoaa  Boat  UMful.  In  particular  it 
permits  basic  proparty  datandaations  towards  an  incraaaad  understanding  of 
natarials  performance.  Much  uaa  of  this  aathod  should  also  bo  found  in  tha 
Mlaetlon  and  specification  of  Materials  for  ordnance  applications  involving 
compression  loading.  In  theory,  tha  concept  should  ba  applicable  to  any 
Material.  But,  in  practice,  there  are  obvious  technical  difficulties  in 
working  with  Materials  having  vary  low  Poisson's  ratios.  The  data  preMnted 
herein  are  estimated  to  be  accurate  to  within  ±%. 

Ibis  work  was  perfumed  under  Task  FR-76  as  part  of  an  investigation  of  the 
solid  state  properties  cf  polyasrs.  It  was  accomplished  during  tha  period 
fro*  December  1966  to  March  1968. 
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INTRODUCTION 

Recently,  techniques1'2  have  been  developed  for  the  iso the real  determination 
of  moduli  characteristics.  But  these  and  previous  methods  require  different 
specimens,  different  apparatus,  and  different  procedures  for  each  ■easureoect. 

As  a  result,  when  such  moduli  data  are  used  in  calculating  Poisson's  ratio  (u) 
values,  uncertainties  may  be  Introduced.  In  particular,  these  uncertainties 
may  result  from  variations  between  specimens  and  because  of  differences  In  the 
rates  of  loading  between  tests.  Such  uncertainties  may  well,  be  one  reason  for 
lamt  of  the  unusual  Poisson's  ratio  data  to  be  found  In  the  literature. 3  Thus, 
there  is  a  need  for  a  method  of  determining  multiple  moduli  on  a  single  specimen 
in  the  same  apparatus  under  given  conditions.  Then  more  realistic  values  of  u 
would  become  obtainable.  These  same  arguments  are  also  stated  by  Koster  and 
Franz1*. 


Based  upon  compression  loading  in  a  Matsuoka-Maxweli  type  apparatus^,  ve 
have  developed  a  new  static  isothermal  ‘technique  for  rapidly  determining  Young's 
modulus  (e)  and  bulk  modulus  (b)  on  solid  polymers.  Values  for  E  and  B  a 
series  of  representative  materials  all  check  well  with  the  limited  amount  of 
data  available  in  the  literature  which  is  suitable  for  comparison  purpooes.  The 
Poisson's  ratios  calculated  from  these  moduli  are  all  in  the  expect**  range. 
Preliminary  tests  also  indicate  that  this  method  will  be  useful  in  measuring 
moduli  for  c  cope  sites  having  w'a  near  0.3.  The  various  ramifications  of  this 
new  concept  are  discussed  beiov. 


YOUNG'S  MODULI.  BULK  MODULI,  AND  POISSON'S  RATIOS  OF  SOLID  POLYMERS 

All  polymers  belong  to  the  class  of  solids  whose  stress-strain  behavior 
•ay  be  broadly  described  as  visco-elastic.  That  is,  in  addition  to  having  scam 
of  the  characteristics  of  viscous  Liquids,  they  also  have  some  of  too  character¬ 
istics  of  elastic  eolids.  Thus  at  very  low  stress  and  strain  levels,  such 
materials  have  etreio- strain  behaviors  very  clooely  described  in  equation  (l)°: 

_  Et 

(1) 

vbere  o  i#  the  etress,  K  is  the  rate  of  strain,  T>  is  the  viscosity  of  the  polymer, 
E  is  tbs  modulus,  and  «  is  the  strain.  If  ve  expand  the  exponential  of  equation 
(1)  we  obtain: 

J  ^5  -  ^3  *  . >  <2) 

1  2  ITT2  6kV 

Then,  ignoring  terms  higher  than  first  Vr,  equation  (2)  reduces  to  the  well- 
known  relationship: 

-  -  S4  (3) 
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Essentially  w  can  nov  any  that  for  a  linear  vlaco-elaatlc  material,  aechanlc&l 
performance  la  describable  to  the  first  approximation  by  Hooke's  lav. 

fbr  Bookesn  solids,  Young's  modulus  Is  defined  as  the  ratio  of  tensile 
stress  to  tensile  strain: 


_  Tensile  Stress,  (o 
Tensile  Strain,  («) 


Forcepirjnolt_Area___ 
Stretch  per  unit  Length 


or 


s  •  <l,) 

where  T  Is  the  tensile  force,  A  Is  the  cross  sectional  area,  and  is  the  change 
In  length  per  unit  length,  £,  due  to  F.  Although  E  is  usually  determined  In 
tension  it  may  also  be  determined  in  compression^  and  the  same  general  modulus 
equation  hold"  *or  this  latter  case. 


The  second  modulus  of  present  interest  is  the  bulk  modulus,  B.  It  Is 
defined  as  the  ratio  of  the  hydrostatic  pressure,  P,  to  the  volume  strain 
as  fellows: 


Hydrostatic  Pressure,  (P) 
Volimm  Strain 


Hydro static  Pressure _ 

Volvae  Change  per  Unit  Volume 


or 

p 

B  "  AV/V0  “  hV  ^ 

where  P  is  the  hydrostatic  pressure,  Vq  is  the  original  volume  of  the  solid  and 
hV  is  the  change  in  volume  caused  by  P.  Generally  B  Is  determined  by  a  hydro¬ 
static  measurement  although  It  can  be  also  dete rained  by  sound  velocity 
techniques. 7  A  mathematical  approach  has  also  been  developed  by  Bondi. 2  Using 
corresponding  states  correlations,  it  allows  one  to  estimate  B  of  liquids  and 
polymer  melts  to  within  *  10^.  Lack  of  good  experimental  data  In  the  paat  has 
necessitated  the  development  of  methods  such  as  this  latter  one. 


Once  E  and  B  are  obtained  it  is  then  possible  to  calculate  Poisson's  ratio 
(u)  from  the  values  of  the  two  moduli.  Poisson's  ratio  i;  defined  as  "the  ratio 
of  lateral  unit  strain  to  longitudinal  unit  strain,  under  the  condition  of 


uniform  and  »nliTisl  longitudinal  stress  within  the  proportional  limit 


8 


Change  in  Width  per  unit  Width 
Change  in  Length  per  unit  of  Length 


^c/c0 

m~o 


(6) 


where  Co  mru\  AC  are  the  original  width  and  the  change  in  width,  and  Lq  and  a£  ai  2 
the  original  length  and  the  change  in  length.  To  calculate  u,  the  classical 
relationship*  involving  u,  g,  and  B  Is  used  in  the  following  form: 
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1  E 

2  ”  SB 


(7) 


It  can  be  demonstrated  ja thematic ally  that  u  may  only  take  values  between 
the  limits  of  -1.0  and  0.5.^  For  liquids  with  very  little  change  in  volume 
upon  compression,  w  equals  0.50.  And  in  general,  most  polymers  have  values 
of  w  in  the  range  of  0.55  to  0.49*  There  are  no  known  real  elastic  materials 
with  negative  values  of  Poisson's  ratio. 

EXPERIMENTAL 

For  some  time  we  have  been  measuring  the  compressibility  of  polymers*0  using 
a  modified  Mat suoka -Maxwell  apparatus. 5  Recently,  ve  noted  that  under  certain 
conditions,  this  apparatus  could  be  used  to  consecutively  determine  both  E  and  2 
on  the  same  specimen  in  a  single  experiment. 41 

The  Matsuoka-M&xvell  apparatus,  shown  in  Figure  1,  is  of  the  piston  displace¬ 
ment  type.  Briefly,  it  consists  of  an  outside  steel  casing  fitted  with  a  hardened 
steel  inner  bushing,  the  inner  surface  of  which  is  lapped  and  polished  to  0.655 
cm  in  diameter. 

In  preparation  for  an  experimental  run,  a  specimen  7.62  cm  long  and  about 
0.650  cm  in  diameter  is  inserted  into  the  bore  of  the  tester.  Care  is  taken 
to  insure  that  the  specimen  has  adequate  but  not  excessive  clearance  In  the  bore. 
Then  conditions  are  maintained  within  the  limits  of  Hooke's  law  and  equations 
(4)  and  (5)  are  applicable  to  this  experimental  arrangement,  (in  our  case,  a 
clearance  of  0.005  cm  was  found  suitable  for  the  vi sec -elastic  materials  while 
lesser  clearances  were  needed  for  the  stiffer  and  more  brittle  materials.)  Then 
two  case-hardened  steel  plungers  4.126  cm  long  and  v>.655  cm  in  diameter  are 
inserted  into  the  open  ends  of  the  bore.  The  entire  assembly  is  next  placed  in 
a  testing  machine  and  the  specimen  is  loaded  in  compression  by  pressing  down  on 
the  steel  plungers.  By  measuring  the  plunger  travel  and  the  load,  a  stress- 
strain  chart  is  automatically  plotted.  The  normal  loading  rate  is  0.064  cm  per 
minute.  Since  ve  sure  chiefly  interested  in  obtaining  E  and  B  at  low  pressures 
and  under  elastic  conditions,  we  seldom  apply  loads  in  excess  of  1000  kilograms. 

It  should  be  noted  that  all  the  prc:?nt  measurements  *»re  made  at  room 
temperature  (approximately  25*C).  At  this  temperature  the  amorphous  polymers 
reported  herein  are  well  belov  their  glass  transition  tesqperatures  and  are  in 
the  glassy  state.  However,  when  it  is  desired  to  obtain  date  at  elevated 
temperatures,  besting  coils  nay  be  placed  around  the  apparatus. 

In  the  stress-strain  plot  for  a  polymer  (Fig.  2),  three  stage*  will  be  noted. 
From  the  first  stage,  Young's  modulus  is  calculated.  This  is  done  by  drawing  a 
tangent,  Tj_,  to  the  first  stage  of  the  plot.  A  norm*!,  is  then  dropped  from 
a  point  of  to  the  ev*clssa.  The  distance  between  its  intersection  and  that  of 
desert  baa  a  characteristic  specimen  deformation  hZ  ,  for  stage  1,  for  a  force, 
Fj_,  equivalent  to  the  height  of  R]_.  This  phase  describes  that  part  of  ths 
loading  cycle  during  which  the  sample  is  under  axial  co^re salon  and  gradually 
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expanding  radially  and  elastically  to  fill  the  bore  of  the  tester.  E  is 
calculated  using  the  equivalent  of  equation  (V): 


*_lk 


(8) 


where  JL  is  1 fcs  origin r~«cimen  length,  and  A  is  the  area  of  the  plunger 
which  transmits  the  lond  to  the  specimen . 

The  second  stage  of  the  plot  develops  at  that  time  when  the  specimen 
cog$let&ly  fills  the  tester  and  can  no  longer  expand  radially  in  an  unrestricted 
fashion.  Under  these  conditions,  it  is  under  bulk  compression  loading  and  the 
slope  of  stage  7  is  the  bulk  modulus.  To  obtain  B,  tangent  T2  is  drawn  and 
normal  Eg  dropped  to  the  abscissa  to  determine  the  change  in  length 
while  under  the  compression  conditions.  Then  the  following  relationship,  the 
equivalent  of  equation  (5),  is  used  to  calculate  B: 


(9) 


where  ^  ^orc*  associated  with  the  change  in  the  specimen  length. 


In  analyzing  the  results,  the  intermediate  stage  generally  may  be  ignored. 

As  will  be  shown  later,  this  stage  develops  because  of  lack  of  perfection  in 
specimen  size  ind  shape  which  may  lead  to  an  undesirable  flow  condition  or  simply 
because  of  the  "barrel"  deformation  typical  of  materials  in  compression.  It 
represents  that  period  between  the  time  a  which  the  first  part  of  a  specimen 
becomes  bulk  constrained  and  the  time  at  which  the  entire  specimen  becomes  so 
constrained.  The  change  in  slope  across  this  stage  is  of  course  a  function  of 
the  difference  between  the  values  of  E  and  B. 


MATERIALS 

The  polymers  chosen  for  this  study  were  representative  of  amorphous,  partly 
crystalline,  highly  crystalline,  and  crosslinked  systems.  A  list  of  these 
materials  indicating  their  types  and  approximate  crystalline  contents  is  given  in 
Table  1.  They  are  further  discussed  in  Appendix  A. 

Most  of  the  specimens  for  these  materials  were  prepared  from  rod  stock 
obtained  from  cossaercial  sources.  They  were  machined  on  a  lathe  to  the  required 
size.  In  the  case  of  the  polyester  polymer,  however,  the  specimens  were  cast 
to  the  desired  sii~. 


RESULTS  AND  DISCUSSION 

A  new  technique  for  determining  multiple  moduli  on  single  specimens  is 
presented.  Its  applicability  has  been  demonstrated  by  tests  on  lb  polymeric 
materials.  Figure  2  shove  a  typical  stress- strain  plot  for  polystyrene  made 
under  ideAl  conditions.  Similar  curves  but  with  variations  in  the  intermediate 
stage  were  obtained  for  the  other  linear  materials.  Hie  crosslinked  materials 
show  litre  a*- 3  train  characteristics  as  in  Figure  J.  When  there  is  a  serious 
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variation  in  specimen  shape  and  size,  a  stress-strain  plot  like  that  of  Figure  4 
is  characteristically  obtained. 

Table  2  presents  values  for  E,  B,  and  u*  In  general,  E  and  B  are  in  excellent 
agreement  vith  the  limited  amount  of  published  data  suitable  for  comparison 
purposes.  E  ranges  frees  0.7  to  4.7  x  10^  dynec/cn^  vhlle  B  ranges  from  2.1 
to  8.1  x  10^-0  dynes/ cm^.  Values  of  »  range  from  0. 39  to  0.47.  These  later  values 
sure  in  reasonable  agreement  vith  the  literature  in  the  very  few  instances  where 
comparable  data  are  to  be  found.  They  also  fall  in  the  nominally  accepted  range. 

The  static  technique  for  determining  multiple  moduli  as  described  herein  is 
essentially  isothermal.  That  is,  the  rate  at  which  loading  is  applied  is  ^ 

sufficiently  slow  to  allow  ample  time  for  molecular  motions  to  take  place.  Hence 
thermal  equilibrium  within  the  specimen  is  continuously  assured  throughout  the 
test.  This  contrasts  vith  dynamic  tests  which  axe  almost  always  adiabatic 12 
Usually,  dynamic  load  cycles  are  more  rapid  than  molecular  relaxation  times  and 
so  the  chain  segment  motion  cannot  be  couple ted  in  the  time  period  of  the  measure¬ 
ment.  There  is,  of  course,  a  critical  frequency  for  an  isothermal-adiabatic  trans¬ 
ition  vhlch  is  dependent  upon  the  mate ri si  and  somewhat  upon  the  specimen  disten¬ 
sions.  According  to  Ferry, 13  this  frequency  can  be  as  low  as  0.1  cycles  per 
second.  Very  often  this  distinction  between  isothermal  and  adiabatic  conditions 
is  ignored  on  the  assumption  that  the  observed  differences  are  very  small  and 
hence  negligible.  While  in  some  cases  such  differences  have  been  found  to  be 
small  indeed,  we  have  recently  noted  instances  wherein  they  are  of  the  order  of 
20*> 

For  most  of  the  polymers  considered  in  this  report,  L  and  B  were  detained 
at  temperature a  well  below  their  Tg's.  Thus,  at  best,  configurational  equilibrium 
was  only  approximated  because  true  equilibrium  is  rarely  If  ever  obtained  due  to 
the  extremely  long  relaxation  time:  involved.  The  only  solution  to  this  problem 
is  to  conduct  the  test  at  such  a  slow  rate  that  the  polymer  can  approximately 
and  continuously  adjust  itself  to  its  ever  changing  boundary  conditions. 

Toward  this  end,  we  selected  a  standard  loading  rate  of  0.064  cm/min.  This 
rate  gives  excellent  compressibility  isotherms  both  above  and  below  the  pressure 
and  temperature  range  of  the  glass  transition  and  the  isotherms  are  consistent 
with  Tg  determinations.  Such  a  rate  is  equivalent  to  a  frequency  of  the  order  of 
one  half  a  cycle  per  900  seconds.  At  slower  rates  of  loading  -  0.025  cm/min  - 
the  isotherms  are  superimposable  on  those  obtained  at  0.064  cm/min.  At  rates 
greater  than  0.254  cm/min,  the  nature  of  these  curves  is  changed  markedly, 
particularly  for  the  crosslinked  polymers.  Thus  we  conclude  that  the  0.064  cm/min 
loading  rate  is  satisfactory  Id  assuring  practical  attainment  of  thermal  and 
configurational  equilibrium  conuitions. 

Furthermore,  it  is  possible  to  consider  these  measurements  against  the 
theoretical  value  for  the  pressure  dependence  of  the  glass  transition  under  bulk 
compression.  Various  investigators  have  established  that  amorphous  solids  have 
a  value  for  the  derivative  dTg/dP,  of  about  0.025*/atmosphere.^5>15  since  the 
pressure  derivative  is  a  function  of  pressure  and  temperature,  it  is  possible 
from  a  series  of  isotherms  to  determine  dTg/dP.  For  many  polymers,  loaded  at 
0.064  cm/min,  it  has  been  found  that  dTg/dP  is  equal  to  0.024  -  0.030*/atmosphere. 

Hence,  ve  must  conclude  that  a  loading  rate  of  0.064  cm/min  permits  the  polymer 
to  attain  a  state  closely  approximating  equilibrium  throughout  a  typical  E  and  B 
determination. 
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In  the  Ideal  case,  one  would  expect  only  stages  1  and  2  to  be  present  In  a 
typical  stress-strain  plot.  However,  an  intermediate  stage  Is  typically  en¬ 
countered  as  shown  in  Figure  3  for  polyepoxide  polymer-  This  intermediate  stage 
occurs  in  between  the  region  from  which  E  is  calculated  and  the  region  from  which 
B  is  obtained.  We  feel  that  this  intermediate  stage  occurs  between  the  time  that 
the  first  portion  of  the  specimen  fills  the  bore  of  the  tester  and  the  time  that 
the  last  portion  fills  the  bore.  Such  is  possible  as  the  specimen  undergoes 
unrestricted  compression  and  develops  the  characteristic  "barrel"  shape  as  noted 
oy  Ishai  and  Cohen. 16  If  the  specimen  is  perfect,  this  maximum  deformation  will 
take  place  at  its  center.  If  it  ie  tapered,  it  is  reasonable  to  assume  that 
upon  loading,  that  part  of  the  specimen  having  the  greatest  diameter  will  be  first 
to  fill  the  bore  of  the  tester.  Other  sections  of  the  specimen  having  lesser 
diameters  will  then  successively  fill  the  bore  at  somewhat  later  times  and  if 
the  differences  are  sufficiently  great,  material  yielding  can  occur.  During  this 
interval  the  stress-strain  plot  wi"  exhibit  an  intermediate  or  transition  stage. 

To  test  the  above,  the  following  experiment  was  conducted.  A  polystyrene 
rod  6.60  cm  long  and  0.063  cm  Id.  diameter  was  prepared.  Grooves,  approximately 
0.159  cm  in  depth  and  width  were  cut  in  the  specimen  at  distances  of  about  I.58 
cm,  3.18  cm,  and  4.60  cm  from  one  end.  The  specimen  was  then  loaded  to  1000  Kg 
at  the  standard  loading  rate  giving  the  results  as  shown  by  Plot  I  of  Figure  4. 

By  inspection  it  is  evident  that  the  grooves  on  the  specimen  significantly 
magnified  the  intermediate  stage.  It  also  appeared  that  the  dimensions  of  the 
specimen  had  been  permanently  changed. 

At  the  conclusion  of  the  first  run,  and  without  removing  the  specimen  from 
the  tester,  we  innediately  repeated  the  run.  These  results  are  shown  as  Plot  n 
of  Figure  4.  This  plot  is  outwardly  similar  to  a  typical  stress-strain  plot. 

Upon  removal  of  the  specimen  from  the  tester,  it  was  noted  that  the  three  grooves 
were  almost  completely  filled,  that  the  diameter  was  the  same  as  before,  but  that 
the  length  was  shortened  to  6.29  cm.  Thus,  the  specimen  showed  a  decrease  in 
length  due  to  the  partial  filling  of  the  grooves.  This  lack  of  filling  the 
grooves  accounts  for  the  greater  compressibility  indicated  by  the  upper  part  of 
Plot  II.  Normally,  this  particular  polymer  would  show  no  permanent  change  in 
dimensions,  at  a  loading  of  only  1000  Kg.  In  fact,  polystyrene  has  been  taken 
to  at  least  10,000  atmospheres  in  bulk  compression  with  no  measurable  dimensional 
effects.3-0 

The  presence  of  an  exaggerated  intermediate  stage  during  the  first  run  on  the 
grooved  specimen  and  its  minimization  on  the  second  run  is  evidence  that  the  above 
hypothesis  is  correct.  Therefore,  we  conclude  that  thiB  intermediate  stage  will 
be  at  a  minimum  with  a  perfect  specimen  but  that  inexact  machining  of  the  polymer 
rods  may  lead  to  irreversible  flow  in  the  material.  In  either  case  the  inter¬ 
mediate  stage  in  no  way  detracts  from  the  usefulness  of  the  multiple  modulus 
technique. 

Comparison  of  the  E,  B,  and  u  values  obtained  by  this  technique  with 
literature  values  is  desirable  but  difficult  simply  because  very  few  data 
of  this  type  have  been  reported.  Furthermore,  in  those  cases  where  data  are 
available,  they  are  not  classified  ae  being  adiabatic  or  isothermal.  In  any 
event  the  sparseness  of  data  and  the  uncertainties  in  it  serve  to  make  com¬ 
parison  difficult. 
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However,  a  few  moduli  comparisons  are  possible.  Nielsen5  gives  values  of 
E  for  three  polymers  on  which  we  also  have  data.  He  failed  to  mention  Just 
how  the  data  were  obtained,  nevertheless  the  values  are  compared  below  in  units 
of  dynes/cm  x  10^0. 


Polymer 

E,  (Nielsen) 

E,  (NOL  Method) 

Polystyrene 

3.4 

3.4 

Polymethyl  Methacrylate 

5.7 

3- 2 

Polyhexamethylene  Adlpaaide 

2 

1.8 

As  can  be  seen,  the  agreement  is  good.  Also,  Vincent^  gives  an  E  value  of 
4.14  x  109  dynes/cm^  for  polytetrafluoroethylene  which  compares  favorably  with 
our  value  of  4,66  x  109  dynes/cm2.  Anand^°  has  recently  reported  a  value  of  E 
for  highly  crystalline  bulk  polyethylene  of  6.9  x  109  dynes/cm2  which  is  in 
excellent  agreement  with  our  value  of  7  x  109  dynes/cm2.  We  conclude  that, 
considering  the  limited  amount  of  data  available  and  the  uncertainties  in  the 
nature  of  the  published  data,  our  results  are  satisfactory. 


The  same  situation  occurs  as  above  when  we  attempt  to  compare  values  of  B. 
In  a  few  cases  static  values  of  the  compressibility  have  been  presented  and 
the  values  agree  with  our  results.  For  example,  Weir' 5*9  data,  in  units  of 
dynes/cm2  x  10^°,  compare  with  ours  as  follows: 


Polymer 


B,  (Weir)  B,  (NOL  Method) 


Polyethylene 


4.06 


4.5 


Polytetrafluoroethylene 


2.8 


2.1 


In  addition,  the  results  of  Schuyer^  indicate  a  value  of  4.35  x  10^0  dynes/cm2 
for  polyethylene  of  density  0.954  which  is  identical  in  density  to  that  which  we 
used. 


Of  more  general  interest  is  the  table  of  bulk  moduli  of  many  substances 
given  by  Tobolsky.*^  Tobolsky  shows  that  B  for  many  relatively  soft  substances 
is  in  the  range  of  2  to  8  x  10-^  dynes/cm2.  In  this  range  we  find  such  liquids 
as  glycerin  and  water,  metals  such  as  sodium  and  potassium,  and  most  polymers. 

As  will  be  seen  by  inspection  of  Table  2  most  of  the  polymers  studies  in  this 
investigation  have  values  of  B  in  this  range. 

Apart  from  the  previously  noted  uncertainties,  extreme  caution  must  be 
exercised  in  comparing  E  and  B.  Many  polymers,  particularly  highly  crystalline 
ones,  exhibit  considerable  differences  in  their  properties  dependli^  upon  their 
thermal  and  pressure  history.  This  is  particularly  true  for  polyethylene  but, 
unfortunately,  few  workers  report  even  the  density  when  preserving  their  results. 
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Poisson's  ratio  vas  calculated  by  means  of  equation  (7)  and  the  calculated 
valuta  are  preaented  In  Table  2.  Again,  ve  are  unable  to  compare  our  values 
broadly  with  published  dates  due  to  the  lack  of  work  In  this  area.  In  the  case 
of  the  polyimide  ve  found  a  literature  value  of  0.4522  which  Is  In  satisfactory 
agreement  with  our  value  of  0.42.  All  the  values  preaented  in  Table  2  appear 
reasonable.  And  because  of  the  similar  conditions  of  thermal  and  configuration 
equilibrium  for  both  the  E  and  B  determinations,  ve  believe  that  the  u  values 
given  in  Table  2  are  inherently  more  correct  than  those  estimated  from  any  two 
separate  determinations  of  E  and  B. 

vay  also  be  noted  from  Table  2  that  the  data  appear  to  separate  by  polymer 
category.  This  Is  particularly  true  In  regard  to  the  Poisson's  ratio  values. 
Amorphous  and  crossllnked  polymers  act  much  alike  while  the  highly  crystalline 
polymers  differ.  Although  the  present  data,  as  is,  seems  to  support  such  an 
analysis,  they  are  too  fev  to  be  conclusive.  Also  one  would  anticipate  that 
anomalous  suite  rials  will  be  found  which  will  have  atypical  properties. 

The  BQL  multi -modulus  compression  technique  appears  to  be  particularly  well 
suited  for  experiments  on  materials  which  undergo  reversible  changes  under 
pressure.  For  polymers  of  this  type,  the  results  obtained  are  reproducible. 

With  polymers,  which  undergo  irreversible  changes,  the  results  are  less  satis¬ 
factory.  In  general,  polymers  which  tend  to  flow  readily  under  pressure  should 
not  be  studied  by  this  technique  although  ve  have  had  some  success  with  such 
solids  when  the  compressibility  tester  tolerances  were  kept  extremely  small. 

Close  tolerances  make  It  difficult  for  the  polymer  to  extrude  up  the  bore 
of  the  tester. 

As  a  check  on  the  above,  five  "identical"  specimens  were  prepared  from 
a  large  slab  of  crystalline  polyethylene  and  five  others  from  a  block  of 
amorphous  polystyrene.  Every  effort  vas  made  to  prepare  each  specimen  in  the 
seme  manner.  Then  the  E  and  B  determinations  were  made  on  the  same  day  using 
the  same  equipment. 

The  results  are  presented  in  Table  3*  For  the  polystyrene  specimens  the 
data  reproducibility  is  excellent  -  within  ±1$  -  while  for  the  polyethylene 
data  It  is  not.  These  later  data  were  only  reproducible  to  within  ±5%  for  E 
and  u  and  to  ±25^  for  B.  Ve  attribute  the  data  variability  noted  on  poly¬ 
ethylene  to  the  extreme  sensitivity  of  this  polymer  to  minor  changes  In  Its 
thermal  and  pressure  history.  Such  changes  are  usually  reflected  In  considerable 
differences  in  crystallinity.  This  is  apparent  from  Inspection  of  the  specific 
gravity  data.  For  example,  sample  number  3  had  a  specific  gravity  of  0.950 6 
while  sample  number  4  exhibited  a  value  of  O.9217.  It  is  also  possible  that 
some  rec rystalll xatlon  occurred  during  the  application  of  pressure.  On  the 
other  hand,  amorphous  polystyrene  is  not  sensitive  to  minor  changes  in  its  thermal 
and  pressure  history  and  it  is  possible  to  obtain  excellent  data  reproducibility 
from  a  series  of  specimens. 

Further  Indications  of  the  worth  of  the  multi -modulus  technique  can  be 
inferred  from  the  remarks  of  Novak  and  Bert.2*  These  investigators  reiterate 
the  fact  that  tba  elastic  properties  of  unfilled  polymers  (polyepoxides) 
differ  in  tension  and  compression.  Thus,  use  of  classical  formuli  to  predict 
shear  modulus  using  mixed  tension  and  compression  data  f&lla  to  give  good 
values.  They  also  state  that  the  best  agreement  with  experiment  Is  obtained 
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when  only  compression  data  axe  utilized  in  the  classical  formula.  Otherwise 
this  formula  must  he  modified  to  permit  use  of  a  mixture  of  tensile  and 
compression  data. 


In  an  effort  to  extend  the  usefulness  of  these  measurements  to  materials 
other  than  bulk  polymers  we  investigated  the  properties  of  a  composite.  Our 
initial  studies  were  conducted  on  a  polyepoxide  syntactic  foar  having  a  density 
of  O.72  gm/cc.  This  material,  as  described  by  Resnick, ^  contained  approximately 
20  to  k&jo  of  microscopic  hollow  glass  spheres  (ndcroballoona ' .  Knowing  tl:2 
relative  ease  with  which  this  material  can  be  compressed,  vs  used  a  maximum  load 
of  150  kilograms  instead  of  the  usual  1000  kilograms.  Undr  the je  conditions, 
and  with  an  undersized  specimen  of  diameter  «  0.612  cm,  we  were  able  to  obtain 
good  E  and  B  plots  from  which  values  of  E  *  2.9  x  10^0  dynes/cm2  and  D  •  J.2  2: 
K)W  dynes/ cm2  were  calculated.  From  these  moduli,  u  was  found  to  be  005* 

These  values  appear  reasonable. 


Thus  it  would  appear  that  the  general  multi -modulus  technique  cam  be  applied 
to  various  types  of  reinforced  plastics.  However,  several  technical  points 
remain  to  be  explored  before  such  an  application  can  be  fully  supported. 


CONCLUSIONS 

Consideration  of  the  results  presented  in  this  report  have  led  to  the 
following  conclusions; 

a.  The  N0L  multi -modulus  compression  method  can  be  readily  employed  to 
determine  both  Young's  and  bulk  moduli  consecutively  on  the  same  specimen. 

b.  The  values  obtained  for  both  moduli  appear  reasonable  and,  where 
comparison  is  possible,  are  in  agreement  with  published  data.  They,  in  turn, 
permit  calculation  of  Poisson's  ratio  values. 

c.  With  the  values  of  E,  B,  and  u,  shear  modulus  (G)  can  also  be  calculated. 
Thus,  from  one  test,  all  the  elastic  constants  for  a  material  can  be  either 
measured  directly  or  calculated. 

d.  It  appears  that  this  technique  is  well  suited  for  viscoelastic  solids 
having  values  of  Poisson's  ratio  between  0.30  and  0.50. 

e.  The  method  can  also  be  applied  to  syntactic  foam  plastics  ar-,/  very 
probably,  to  certain  reinforced  pxastics. 

f.  With  amorphous  polymers  the  data  reproducibility  by  this  technique 
1 s  excellent. 


RECOMMENDATIONS 

It  is  recommended  that  additional  data  be  collected  on  E,  B,  and  u.  These 
should  be  accumulated  on  many  different  types  of  polymers  and  compost  tea.  Both 
the  pressure  and  temperature  dependence  of  E,  B,  and  w  should  also  be  determined. 
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FIG. 2  STRESS -STRAIN  PLOT  FOR  POLYSTYRENE 
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FIG.  3  STRESS -STR.AIN  PLOT  FOR  A  POLYEPOXIQE  POLYV.FR 
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FIG.  4  STRESS  -STRAIN  PLOTS  FOR  A  GROOVED  SAMPLE  OF  POLYSTYRENE 
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TABLE  1 

POLYMERS  STUDIED 

Polymer 

Crystallinity 

Polystyrene 

Linear,  Amorphous 

None 

Polyroe thy 1  Methacrylate 

Linear,  Amorphous 

None 

Polyhexamethylene  adipanide 

Linear,  Crystalline 

~ 90* 

Polychlorotrl fluoroethylene 

Linear,  Crystalline 

~90* 

Polyethylene 

Linear  Crystalline 

-60  to  90 * 

Polyimlde 

Amorphous 

None 

Polyte  trafluoroethylenc 

Linear,  Crystalline 

-90* 

Polyoxyme tnyle ne 

Linear,  Crystalline 

~90* 

St.yron  475 

Linear,  Amorphous 
(contains  a  filler) 

None 

Polyepcxlde  +  12.6*  of  MPDA 

Crosslink  era.  Amorphous 

None 

Polyepoxide^ 

Crossllaked,  Amorphous 

None 

Polvepcxideg 

Crcssliaked,  Amorphous 

None 

Polyepoxide  +  DDSA 

Crosslinked,  Amorphous 

None 

Polyester 

Cross! inked,  Amorphous 

None 
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TABLE  2 


YOUNG'S  MODULUS,  E,  BULK  MODULUS  B, 

AND  POISSON'S  RATIO,  U,  FOR  POLYMERS 

E  x  10~10  B  x  10"10 

Polymer _ dynee/cn^  dynes/cm2  ^ 


A.  LINEAR  AMORPHOUS  MATERIALS 


Polystyrene 

3»* 

Polystyrene,  Filled  (Styron  475) 

4.2 

F^lyaethyl  Methacrylate 

3.2 

Pclyimide 

3.0 

4.4  0.37 
7.7  0.41 
5.1  0.40 
6.0  0.42 


B.  LINEAR  CRYSTALLINE  MATERIALS 
Polyethylene 

Poly  hexane  thylene  Adlpamide 
Polychloro  tri  fluoroe  thylene 
Polytetrafluo roe thylene 
Polyoxyme  thylene 


0.71 

4.5 

0.47 

1.8 

8.1 

0.46 

1-9 

5.2 

0.44 

0.47 

2.1 

0„46 

2.7 

6.9 

0.44 

C.  CROJixJOTOSD  MATERIALS 
Polyester 
Polyepoxide 1 
Polyepoxide  g 
Polyepoxide  +  DDSA 
Polyepoxide  +  MPDA 


5.0 

9-9 

0 

5.5 

6.4 

0 

5.^ 

6.0 

0 

3.1 

4.4 

0 

3.2 

5.4 

0 
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TABLE  3 

YOUNG'S  MODULUS, 

E,  BULK  MODULUS,  B,  AND  POISSON’S  RATIO,  **, 

FOR  POLYSTYRENE  AND  POLYETHYLENE 

E  X  10_1° 

• 

<3ynes/ca 

POLYSTYRENE 

POLYETHYLENE 

'  f 

1 

3.45 

0.74 

2 

3.46 

0.68 

- 

3 

3.45 

0.72 

£ 

3.44 

0.88 

5 

3c  34 

0.76 

Average 

3.43 

O.76 

°V 

0.0138 

0.10 

B  X  10“10  dynes/cm2 

1 

4.48 

1,66 

2 

4.45 

1,74 

j 

3 

4.42 

3.13 

4 

4.44 

4.42 

5 

4.32 

2.02 

J 

Average 

4.42 

2.59 

l 

;  . 

CV 

0.0142 

0.45 

i 

t 

* 

i 

i 

? 

1 

0.372 

0.426 

2 

0.571 

0.435 

1 

j  ; 

3 

0.570 

0.461 

4- 

{ 

;  > 

4 

0.371 

0.467 

! 

j  » 

5 

0.371 

0.437 

! 

1 

j 

Average 

0,371 

0.445 

i 

i  t 

°V 

0.0016 

0.039 

| 

i 

) 

1  j 

f 

Specific  Gravity* 

«• 

k 

1 

1.0522 

0.9296 

r 

i 

2 

1.0523 

0.9253 

ii 

* 

J 

1.0525 

O.9506 

4 

1.0521 

0.9217 

? 

5 

1.0520 

0.9449 

V 

Average 

1.0522 

0.9343 

I 

*  Measured  after  the  compression  tests  had  teen  run. 
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APPENDIX  A 


DESCRIPTION  OF  MATERIALS  USED 

Since  the  values  of  E,  B,  and  i*  are  fundauental  properties  of  polymers  it  Is 
important  that  the  polymers  themselves  be  identified  as  closely  as  possible. 
Unfortunately  many  polymers,  because  of  their  complex  structure,  do  not  lend 
themselves  to  an  exact  description.  For  example,  several  different  types  of 
polyethylene  exist  and  as  a  result  vide  differences  are  noted  in  such  fundamental 
properties  as  density,  crystallinity,  melting  point,  etc.  Almost  all  of  the 
different  types  of  polyethylene  consist  of  long  chains  of  methylene  groups 
4  CHg-}*  yet  with  very  minor  changes  in  the  chemistry,  for  example  in  the  CH2/CH3 
ratio,  major  differences  in  properties  may  occur.  For  the  linear  systems,  a  very 
brief  description  is  given  belov.  The  crosslinhed  systems  are  more  difficult 
to  describe  and  when  possible  ve  have  given  a  general  formula  for  the  monomer  and 
such  other  information  as  are  available. 

LINEAR  POLYMERS 


1.  Polystyrene:  an  amorphous  solid  (Styron  666,  Dov  Chemical  Corp.) 
having  the  repeating  unit 4-  CH(C6H5)CH2  4n  . 

2.  Polymethyl  methacrylate:  an  amorphous  solid  (Rohm  and  Haas  Corp.) 
having  the  repeating  unit-£-  CH(CHj)(COOCH;5)CH2-4n  • 

3»  Polyhexamethylene  adipamide:  a  crystalline  solid  having  a  high  melting 
point  (>200°C)  (Nylon  66,  duPont  Co.)  with  a  repeating  unit 4- NHlfcHg^-NHCO 
(CH2)^C0 -4n  and  a  density  of  1.156  gms/cc. 

4.  Polychlorotrifluoroethylene:  a  crystalline  high  melting  solid  (Kel-F, 
Minnesota,  Mining  and  Manufacturing  Co.)  having  a  density  of  2.148  gm/cc  and  the 
repeating  unit  4  CFg-CCfF  -r^  • 

5.  Polyethylene:  a  highly  crystalline  rolid  which  melts  at  about  127*C  and 
with  a  density  of  O.954  gms/cm2  (Marlex  5003,  Phillips  Chemical  Co.).  The 
repeating  unit  is-f-  CHg  -5-n  • 

6.  Polyimide:  a  new  amorphous  polymer  (duPont  Co.  SP-l). 

7«  Polyte tra f luo roe thyle ne :  a  highly  crystalline  polymer  having  a  high 
melting  point  (Teflon,  duPont  Co.)  having  tie  repeating  unit4-  CF2  4^  • 

8.  Polyoxymethylene:  a  crystalline  polymer  which  melts  at  about  l8o*C 
which  has  a  repeating  unit  4  CH2-0-}-n  (Delrin,  duPont  Co.). 

9.  Styron  475s  a  butadiene  modified  styrene  polymer  containing  a  filler 
(Dow  Chemical  Corp.). 

10.  Polyepoxide  +  MPDA:  an  amorphous  solid  having  a  glass  transition  tempera¬ 
ture  of  about  190°C.  The  epoxide  (Epon  828,  Shell  Chemical  Co.)  is  a  diglycidyl 
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ether  of  hisphenol  A  with  an  epoxide  equivalent  within  the  range  185  to  205. 
The  general  formula  for  the  epoxide  may  he  written: 


-J  n 


The  epoxide  was  polymerized  with  12.6$  (MPDA). 


11.  Polyepoxlde^:  an  amorphous  solid,  similar  to  the  previous  polyepoxide. 


12.  Polyepoxidep:  an  amorphous  copolymer  which  consists  of  an  epoxy  la ted 
Novo lac  resin  (DEN  4 38,  Dow  Chem.  Co.)  having  the  general  structure 


and  an  epoxide  (Epon  828).  These  two  resins  were  copolymerized  using 
BFjiNHgCHgCHj  as  a  catalyst. 


1J.  Polyepoxide  +  DDSA:  an  amorphous  polymer  which  is,  in  effect, 
a  copolymer  consisting  of  1*0.5$  of  an  epoxide  (Epon  828)  and  59*5$  of 
dodecenylaucclnlc  anhydride  (DDSA).  DDSA  has  the  structure 


CH, 


CH3  CHg  CHg  CH  CHqC^x^CH  C 


CH3 


CH^ 


CH^ 
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14.  Polyester:  an  amorphous  solid  vhich  conBistr  of  of  am  unsaturated 
linear  polyester  dissolved  in  30jfe  of  styrene.  Tne  polyester  coi^ponent  consists 
of  a  linear  reaction  product  of  the  condensation  of  p'  thalic  and  aalcic  acids 
with  propylene  glycol.  Crosslinking  by  the  styrene  was  initiated  by  l£  of 
oethyl  ethyl  ketone  peroxide. 
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T 

A  new  method  is  presented  for  the  rapid  and  consecutive  determination  of  the 
Young's  and  bulk  moduli  of  polymeric  solids  In  compression  loading.  Usually 
these  properties  are  determined  by  separate  measurements.  However,  by  using 
an  undersized  specimen  in  a  standard  bulk  compressibility  tester  it  is 
possible  to  determine  both  moduli  on  the  s0"*  specimen  in  a  single  test 
procedure.  Initial  loading  of  the  undersized  specimen  results  in  a  decrease 
in  length  and  an  increase  in  diameter.  From  these  changes  Young's  modulus 
may  be  calculated.  Once  the  bore  of  the  tester  is  filled,  the  application 
of  additional  pressure  results  in  a  decrease  in  the  volume  of  the  polymer 
from  vhich  the  bulk  modulus  may  be  calculated.  Both  determinations  may  be 
made  vithin  minutes.  The  moduli  values  are  in  general  agreement  vith 
published  values  and  the  calculated  values  for  Poisson's  r^tio  fall  into 
the  expected  range. 
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